The TEL gene is involved in several chromosomal abnormalities of human hematopoietic malignancies. The chromosome 12 breakpoints frequently lie within the fifth intron of the gene, particularly in the most frequent translocation involving TEL, the t(12;21)(p13;q22). In order to search for a peculiar mechanism involved in the genesis of these translocations, we have established the sequence of two t(12;21) and a t(9;12)(q24;p13) breakpoints. Our data do not reveal the involvement of VDJ recombinase activity or Alu sequences but favor the occurrence of staggered breaks and DNA repair activity in the genesis of these translocations.
Introduction
Chromosomal abnormalities are frequently observed in malignant cells and are known to represent a crucial step in carcinogenesis. The TEL gene, an ETS family member encoding gene located on 12p13 is involved in several translocations present in various hematological malignancies.
1,2 TEL is rearranged with a variety of genes, encoding proteins falling into two different families of proteins, transcription factors and protein tyrosine kinases. The chimeric genes created by the translocations drive the synthesis of fusion proteins containing the aminoterminus part of TEL, including a strong oligomerization domain. 3, 4 TEL rearrangements per se are not specific, since they can be observed in various hematopoietic disorders, such as myeloid malignancies, acute lymphoblastic leukemia (ALL) and acute myeloblastic leukemia (AML). Two translocations are known, to date, to be specific for a leukemic subtype. The 'original' translocation, t(5;12)(q35;p13), study of which lead to the identification of TEL as a fusion partner of the PDGFR␤ gene, is known to be specific for a CMML subtype. 5 The t(12;21)(p13;q22), fusing TEL to the AML1 gene, is detected only in B type ALL. [6] [7] [8] [9] [10] Several studies showed that t(12;21) is present in at least 20% of childhood B type ALL, and that almost all t(12;21) samples are associated with inactivation of the untranslocated TEL copy by different ways. Chromosome 12 translocation breakpoints usually lie within the fifth intron of TEL and might show some clustering within a restricted area of this intron. 7, [9] [10] [11] [12] Several mechanisms for the genesis of chromosomal abnormalities have been hypothesized, such as the aberrant result of otherwise normal activity, for example VDJ recombinase activity in lymphoid malignancies, or DNA repair enzymatic complexes in various malignancies. [13] [14] [15] [16] In order to determine the potential involvement of some specific mechanism in the genesis of TEL rearrangements, we analyzed the chromosomal breakpoints of two t(12;21) ALLs of B type. These data were compared with those generated by an analysis of a t(9;12), seen in a patient in relapse of a T ALL.
Materials and methods
Nucleic acid analyses were performed using standard techniques. Genomic libraries were constructed by cloning, partially digested Sau3A DNA (patient 1) or totally digested BamHI DNA (patient 2), in Lambda Fix II vector. Relevant fragments were subcloned in pKS vector after restriction enzyme digestion. Nucleotide sequences were obtained by manual or automatic sequencing techniques. Sequence analyses were performed using the NCBI home page softwares and databank. Accession numbers are: AJ229043 for the germline AML1 sequences, U61375 for the TEL cosmid.
Patients have been previously described: patient 1 is patient 1 in Ref. 
Results
The genomic library established from patient 1 DNA was used to characterize the t(12;21) and has been previously described. 8 Phages corresponding to the translocated and normal regions were isolated and compared by restriction mapping (Figure 1a and b) . The chromosome 12 breakpoint has been previously shown to map within the fifth intron of TEL 8, 18 and these data allowed us to map the chromosome 21 breakpoint in the second intron of AML1, close to the third exon. 19 Restriction map comparison between normal and translocated chromosomes did not reveal obvious loss or addition of material during the translocation process. In order to confirm this point and to search for possible involvement of VDJ recombinase activity in the translocation process, the nucleotide sequences surrounding and encompassing the breakpoints were determined and are shown in Figure 1c . Neither VDJ recombinase recombination signals (heptamernonamer) nor repeated sequences were identified at the translocation breakpoints of either chromosomes. The comparison of chromosome 21 sequences present on the translocated chromosomes with those of normal chromosome 21 sequences showed that 247 bp were present at the breakpoints on both translocated chromosomes and could have been duplicated during the translocation process.
It is known that the TEL gene possesses an allelic polymorphism detectable using EcoRI and HindIII digests. Sequence comparison of the two alleles showed that they mainly differ by deletion of 739 nucleotides, partially encompassing an Sx family Alu repeat (unpublished results; see Figure 1a ). In To extend our observations, we decided to investigate another patient with t(12;21). We chose patient 2 in Ref. 7 , because the chromosome 12 breakpoint was mapped within a putative cluster and the chromosome 21 breakpoint was expected to lie within the first intron of AML1 (and not in the second as in patient 1). A partial genomic library was constructed from BamHI-digested patient 2 DNA and relevant inserts corresponding to the translocated and normal allele were subcloned for restriction analysis. Comparison of the restriction maps indicated the loss of about 6 kb of chromosome 21 sequences around the translocation breakpoints, whereas the chromosome 12 sequences appeared grossly conserved (Figure 2a) . No repeated sequences were identified in the vicinity of the translocation points.
Nucleotide sequence analysis confirmed the lack of 5780 nucleotides from chromosome 21 sequences. Chromosome 21 probes surrounding patient 2 translocation breakpoint were used for Southern blotting analysis of other t(12;21) patient materials. No rearrangements were detected using these probes in nine patients (patients in Ref 7; data not shown), including one patient (patient 3), who was speculated to have breakpoints similar to those of patient 2, on the basis of Southern blot analysis.
Within TEL intron 5, the chromosome 12 breakpoint in patient 2 blast cells affected the 'large' allele and occurred 3586 nucleotides 3Ј of the fifth exon (Figure 2b) . A 19 bp stretch present on the normal chromosome 12 sequences was not found on any of the translocated chromosomes, indicating that it should have been deleted during the translocation process. Five nucleotides (AGTTT) were observed close to the translocation breakpoint on germline chromosome 12 sequences and close to the translocation/deletion breakpoints in germline chromosome 21 sequence.
To compare these observations with another example of translocation involving TEL, we analyzed a t(9;12)(q24;p13) that appeared in a T-ALL patient in relapse (patient 3). This translocation had been previously reported to usually result in a fusion between the TEL gene and the Janus Kinase 2 (JAK2) gene on chromosome 9. 17 In this case the translocation breakpoints were predicted to lie within the fifth intron of TEL and the 18th intron of JAK2. Germline chromosome 9 sequences, isolated from patient 1 library, were established around exon 17 and exon 18. 21 These sequences were used to derive a set of primers that, together with TEL primers, were used to PCR amplify the t(9;12) translocation breakpoints from patient 3 material. Comparison of translocated and normal counterpart sequences is shown Figure 3 . Six nucleotides from chromosome 9 sequences were not observed on any derivative chromosome and should have been deleted during the translocation process. Within the chromosome 12 sequences the breakpoint occured at 7781 nucleotide 3Ј to TEL exon 5. Four nucleotides from chromosome 12 sequences were found at both der(9) and der(12) breakpoints that could be duplicated during the translocation process. A characteristic feature of this translocation, with respect to the two t(12;21) reported in this paper, is the presence of additional nucleotides at both derivative chromosome breakpoints. These stretches did not match with germline chromosome 9 or chromosome 12 sequences and could be considered as non templated (N) nucleotides, that arise from the activity of the terminal nucleotidyl transferase (TdT) enzyme during VDJ joining. However, no recombination signal (heptamer-nonamer) were present at the translocation breakpoints.
Discussion
The t(12;21)(p13;q22) translocation fuses the TEL and AML1 genes. It is a frequent and specific event in childhood B type acute lymphoblastic leukemia. Previous work has shown that the chromosome 21 breakpoints are frequently located within the first intron of AML and almost always within the fifth intron of TEL. 7, [9] [10] [11] In addition, some Southern blot analyses suggested clustering of the breakpoints within a restricted, 4 kb area of the fifth intron. 7 In order to determine if these translocations could originate from some specific mechanisms, the nucleotide sequence of translocated and normal counterparts was established in two cases of t(12;21). No recombination signal or significant homology region, unique or repeated sequences, could be identified at the chromosomal breakpoints. A short (5) Gross rearrangement is not a chracteristic feature of translocations involving the TEL locus. The sequence of the breakpoints of a t(9;12) translocation demonstrated limited loss (6 bp of chromosome 9 sequences) or duplication (4 bp of chromosome 12 sequences). In this case, putative N nucleotides were observed at the fusion points of both derivative chromosomes. Since no bona fide recombination signals (ie heptamer) could be observed at the translocation breakpoints, it is unlikely the VDJ recombinase activity is directly involved in the genesis of this translocation. The presence of N nucleotides would therefore merely indicate that the translocation occurred in a cell that had an active TdT during the genesis of the translocation, that was rearranging the TCR genes. TELassociated rearrangement was not detected at diagnosis either by Southern blotting analysis or by FISH analysis of the patient's metaphasic chromosomes (data not shown). Accordingly, PCR analysis of genomic DNA from patient 3 cells obtained at diagnosis and at relapse, allowed amplification of the translocation-specific fragment only at relapse. This suggests that this translocation occurred secondarily in the patient history, between diagnosis and relapse.
Our data provide additional support to the non-clustering of the chromosome 21 breakpoints within AML1 intron 1.
12
The observed clustering of the chromosome 12 within TEL intron 5
7-12 could be due to functional constraints of the fusion TEL-AML1 protein but could also be linked to the presence of a polymorphic purine/pyrimidine track within this intron of TEL.
12 The important conclusion of our data and of those of Thandla et al 12 is that the VDJ recombinase activity is not directly involved in the genesis of the t(12;21). On the contrary, the observed deletion and duplication events argue in favor of a staggered double-strand DNA break at the origin of the translocation, as hypothesized for several other rearrangements. 13, 15 The involvement of a peculiar mechanism could, however, not be brought forward, indicating that it should not be univocal. Characterization of additional breakpoints is needed to fully understand the mechanism responsible for these translocations.
